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Abstract The forest canopy cover can directly and indi-
rectly aﬀect soil conditions and hence soil carbon emis-
sion through soil respiration. Little is known, however,
on the eﬀects of canopy cover on soil respiration under
the canopy of diﬀerent tree species and soil water con-
ditions. We have examined the variation in soil respi-
ration at diﬀerent soil water conditions (dry <10 %,
wet >20 %, v/v) under diﬀerent tree canopy covers in
comparison with the canopy interspace in a temperate
coniferous (Pinus armandii Franch) and broadleaved
(Quercus aliena var. acuteserrata) mixed forest in central
China. The results show that soil respiration measured
under tree canopy cover varied with canopy size and soil
water content. Soil respiration under small-sized cano-
pies of P. armandii (PS) was higher than that under
large-sized (PL) canopies, but the diﬀerence was only
signiﬁcant under the dry soil condition. However, soil
respiration under large-sized canopies of Q. aliena (QL)
was signiﬁcantly greater than that under small-sized
(QS) canopies under both dry and wet soil conditions.
The diﬀerence in soil respiration between diﬀerently
sized canopies of Q. aliena (33.5–35.8 %) was signiﬁ-
cantly greater than that between diﬀerently sized cano-
pies of P. armandii (2.4–8.1 %). Diﬀerences in soil
respiration between inter-plant gaps and under QS
canopies in both the dry and wet soil conditions were
signiﬁcant. Signiﬁcant increases in soil respiration
(9.7–32.2 %) during the transition from dry to wet
conditions were found regardless of canopy size, but the
increase of soil respiration was signiﬁcantly lower under
P. armandii canopies (9.7–17.7 %) than under Q. aliena
canopies (25.9–31.5 %). Our ﬁndings that the canopy
cover of diﬀerent tree species inﬂuences soil respiration
under diﬀerent soil moisture conditions could provide
useful information for parameterizing and/or calibrating
carbon ﬂux models, especially for spatially explicit car-
bon models.
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Introduction
Soil respiration, which accounts for 30–80 % of total
ecosystem respiration, is one of the major components
of the terrestrial ecosystem carbon cycle (Davidson et al.
2006; Li et al. 2012). Soil respiration is the primary
process by which carbon is released into the atmosphere
(Lloyd and Taylor 1994; Sponseller 2007). Many
researchers have shown that there are large spatio-tem-
poral variations in soil respiration (Ma¨kiranta et al.
2008; Xu and Qi 2008; Ceccon et al. 2011) and that these
are inﬂuenced by both biotic and abiotic factors (Luan
et al. 2012). Soil temperature and moisture conditions
are generally considered to be the two major environ-
mental factors that are closely related to soil respiration
(Davidson et al. 1998; Shi et al. 2011; Inoue and Koiz-
umi 2012). However, the extent of their eﬀects and
contributions to soil respiration vary greatly depending
on variations in the seasonal climate and soil conditions,
especially in regions with pronounced wet–dry cycles. In
a seasonally dry tropic ecosystem, respiratory activities
in the soil are mostly conﬁned to a relatively short wet
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season, while much lower respiration rates occur during
the dry season (Holt et al. 1990). Similar results were
also found in a tropical monsoon forest in northern
Thailand (Hashimoto et al. 2004). In temperate forests,
however, soil respiration changes seasonally with soil
temperature, often decreasing with increasing soil water
content in the summer (Xu et al. 2011). Therefore, there
is a large variation in soil respiration due to changing
environmental conditions (i.e., temperature, moisture)
(Tang and Baldocchi 2005), and this leads to a poor
understanding and inaccurate estimates of soil carbon
ﬂuxes in many forest ecosystems.
A number of biological factors, such as spatial dis-
tribution of individual trees (Luan et al. 2012), leaf area
and litter production (Reichstein et al. 2003), and can-
opy cover (Concilio et al. 2005; Tedeschi et al. 2005;
McCarthy and Brown 2006), can also induce temporal
and spatial heterogeneity/variation in soil respiration.
Variation in tree canopy cover can change soil micro-
climatic environment, soil physicochemical properties as
well as soil carbon input and accumulation (Aponte
et al. 2010; Zhang et al. 2011; Cahoon et al. 2012). For
example, variations in soil temperature and moisture
within the forest ecosystem are very likely caused by
canopy cover due to canopy shading and rainfall inter-
ception, especially for a small precipitation event (Cable
and Huxman 2004; McCarthy and Brown 2006; Potts
et al. 2006b; Emmerich and Verdugo 2008). The per-
centage of canopy cover has also been linked to leaf
litter depth, root respiration, and microbial respiration
in an oak–hickory forest ecosystem (Hogberg et al. 2001;
McCarthy and Brown 2006). In a Savanna ecosystem,
Tang and Baldocchi (2005) found that soil respiration
under tree canopies decreased with distance from its
base. However, the eﬀects of canopy cover on soil res-
piration and to what extent the canopy eﬀect varies with
canopy size and tree species are still unknown. Al-
though, many studies have shown that soil temperature
and water availability are key factors inﬂuencing leaf
photosynthesis and soil respiration (Huxman et al. 2004;
Emmerich and Verdugo 2008; Shi et al. 2011), few
studies have demonstrated that canopy structure in
terms of canopy cover size, leaf area and leaf litter-fall
have, to some degree, have an eﬀect on soil temperature
and soil water availability, in addition to topography
and soil texture. Therefore, there is a need to study the
eﬀects of canopy cover of diﬀerent tree species on soil
respiration and to understand to what extent these ef-
fects are the result of soil temperature and soil water
content as also inﬂuenced by canopy cover.
This study was designed to explore variations in soil
respiration under diﬀerent canopy covers with changing
soil moisture conditions in a temperate coniferous (Pinus
armandii Franch) and broadleaved (Quercus aliena var.
acuteserrata Max.) mixed forest ecosystem in central
China. We hypothesized that soil respiration would vary
with diﬀerent tree canopy covers in forest ecosystems
and that the eﬀect of canopy size on soil respiration
would depends on tree species and seasonal dry–wet
transition. We assumed that the variation in soil respi-
ration under diﬀerent canopy covers is largely aﬀected
by soil microclimate rather than soil carbon input (litter
and ﬁne root biomass).
Materials and methods
Site description
The study site is located at the Baotianman Forest
Ecological Research Station in Baotianman National
Nature Reserve (11147¢–11204¢E, 3320¢–3336¢N),
Henan Province, PR. China. The altitude ranges from
600 to 1800 m a.s.l.. Mean annual air temperature is
15.1 C, with monthly air temperature ranging from
1.5 C in January to 27.8 C in July. Mean annual
precipitation is approximately 885.6 mm, of which 60 %
falls in summer (from July to August). Upland soils are
dominated by Haplic Luvisol (Luan et al. 2011).
The typical forest in this area is the warm-temperate
forest composed mainly of temperate deciduous broad-
leaf trees, including some sub-tropical tree species due to
its transitional location from the northern subtropical to
warm-temperate climate. The dominant tree species of
the warm-temperate forest is Quercus spp., accounting
for approximately 70 % of the total area (Song 1994).
The vertical distribution of forest communities includes
Q. variabilis BI. forest at 600–1,200 m a.s.l., Q. glandu-
lifera var. brevipetiolata (A. DC.) Nakai forest at
1,200–1,400 m a.s.l., and Q. aliena forest at >1,300 m
a.s.l. In addition, several tree species are widely distrib-
uted among the interspaces of the oak forests, with the
dominant species being Toxicodendron verniciﬂuum
(Stokes) F. A. Barkley, Carpinus cordata BI, Acer spp.,
Platycarya strobilacea Sieb. Et. Zucc. and Pinus ar-
mandii Franch, and the secondary species being Custa-
nea seguinii Dode, Lindera obtusiloba BI., Catalpa
ovaata G. Don, and Celtis spp..
Experimental design
Experiments were carried out in a coniferous and
broadleaf mixed temperate forest, about 400 m away
from a weather station in the Baotianman Forest Eco-
logical Research Station. The mixed forest covers nearly
1.5 ha (watershed area) with an average slope of 14. All
woody species within the watershed area were surveyed
and recorded, including diameter at breast height
(DBH), height, crown width, crown depth, and health
status. The dominant species were P. armandii and Q.
aliena (average DBH 23.6 ± 7.90 and 19.1 ± 8.62 cm,
respectively), and these accounted for 30.4 and 34.3 %
of the total canopy coverage, respectively (Table 1). The
canopies were classiﬁed into two sizes: a small class and
a large class. The mean canopy width of the ‘small class’
trees (DBH 15–20 cm) ranged from 1.5 to 3.0 m and that
of the ‘large class’ trees (DBH 30–35 cm) ranged from
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5.0 to 7.5 m. ‘Small class’ (S) trees were the most pre-
dominant in terms of density (32.6 %) and canopy
coverage (35.8 %); in comparison ‘large class’ (L) trees
accounted for 26.4 % of canopy coverage (Table 1). The
sample trees were selected based on the following crite-
ria: (1) healthy trees with isolated crown and exclusivity
within a radius of 4 m of the sample trees; (2) similar site
conditions but with a distance >15 m away from each
other. The 16 sampled trees from two diﬀerent canopy
size classes (four replicates for each size class) for P.
armandii (PS, PL) and Q. aliena (QS, QL) were ran-
domly selected in the experiment stand (Table 1; Fig. 1).
The canopy diameter of each selected sample tree was
estimated from two horizontal directions (N–S, E–W)
with a meter stick (Table 1; Fig. 1). The crown depth of
each sample tree was calculated by the diﬀerence be-
tween the tree height and the crown base height (under
the lowest whorl growing on living branches). In addi-
tion, four inter-plant gaps (IG) within the mixed forest,
without canopy cover, were randomly selected for
comparative measurements; these were dominated by
vivacious gramineous species (Podiopogon ramosus, Ca-
rex siderosticta Hance) and wormwood (Artemisia argyi
Levl. Et Vant., A. apiacea).
Soil water condition was deﬁned as the two levels
according to soil volumetric water content (v/v %) that
were mainly aﬀected by precipitation events. From May
to June 2011, soil water availability was extremely low
(<10 %v/v) due to no eﬀective rainfall events (>1 mm)
for nearly 40 days; this period was therefore deﬁned as
the dry condition. From June 22 to August 2, there were
a total of seven rainfall events (June 20, 5.81 mm; June
24, 7.21 mm; June 27, 7.17 mm; June 30, 14.67 mm; July
10, 20.57 mm; July 19, 24.19 mm; August 2, 16.13 mm),
and soil water content increased quickly following each
rainfall event. This period was therefore deﬁned as the
wet condition.
Soil respiration measurement
Soil respiration (CO2 eﬄux) was measured using a soil
respiration system (LI-8100; LI-COR, Lincoln, NB)
from May to August in 2011. All measurements were
made in the afternoon (13:30–17:00 pm) and executed in
2-min intervals with a 20 s deadband. Three polyvinyl
chloride (PVC) collars (inside diameter 19.6 cm, height
8 cm) were inserted into the forest ﬂoor down to a depth
of 5 cm around each sampled tree at an angle of 120
with 1-m distance from the bole. One PVC collar was
also installed at the center of each IG. In total, 52 PVC
collars were installed under diﬀerent canopy cover con-
ditions. All collars were left at the site for the whole
study period; no living plants or litter were left in each
collar during the whole period.
In the dry condition, soil respiration was expressed as
the average value of four measurements made on May
15, May 25, June 10 and June 18, respectively. In the wet
condition, soil respiration was the average of the seven
measurements that were made on the day following each
rainfall event. To avoid possible data variations induced
by the order of making the measurements, we measured
soil respiration in varying order, with sampled trees
from diﬀerent canopy types crossing each other one by
one (PS, PL, QS, QL, and IG).
Measurements of soil temperature and moisture
Soil temperature at a soil depth of 5 cm was measured
adjacent to each respiration collar with a portable tem-
perature probe provided with the LI-8100 meter. Soil
volumetric water content (VWC) at a depth of 0–5 cm
was measured with a portable time domain reﬂectometer
MPKit-B soil moisture gauge (NTZT Inc., Nantong,
Table 1 Canopy characteristics of trees by size class
Species Size class
(n = 4 per class)
Mean diameter





Pinus armandii Small 16.77 ± 0.55 1.83 · 1.67 3.80 ± 1.15
Large 32.67 ± 0.61 5.50 · 5.17 8.77 ± 2.29
Quercus aliena var. acuteserrata Small 15.50 ± 0.89 2.63 · 2.03 2.37 ± 2.02
Large 32.03 ± 3.95 7.47 · 6.50 7.97 ± 1.01
Data are presented as the mean ± standard deviation
aMean crown width was expressed as north–south direction · the east–west direction
Fig. 1 Illustration of sampling trees within the study watershed:
Pinus armandii with small canopy size (open triangle) and large
canopy size (ﬁlled triangle), and Quercus aliena with small canopy
size (ﬁlled square) and large canopy size (open square). Open circle
Inter-plant gap (IG)
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China) at three points close to each collar. Hourly pre-
cipitation data were collected from a nearby weather
station about 400 m away from the study site.
Litter biomass and root biomass
Fresh litter biomass was collected from three leaf litter
traps (50 · 50 cm) beneath each tree canopy within 1
month (November 2011). At each soil respiration collar
a 20 · 20-cm square was sampled from the organic
layers to a depth of 20 cm in September to estimate root
biomass (Rodeghiero and Cescatti 2006). All soil sam-
ples were washed and manually sorted to separate living
ﬁne roots (<2 mm) from the dead based on morphology
and color, and then measured after drying at 70 C for
72 h.
Statistical analysis
Field data were ﬁrst tested for normality and homoge-
neity of variance, then data from diﬀerent canopy size
classes were tested by one-way analysis of variance
(ANOVA) with least signiﬁcant diﬀerence (LSD) mul-
tiple comparison test per tree species under diﬀerent soil
moisture conditions. Repeated measures ANOVAs
(RMANOVA) were used to test the statistical signiﬁ-
cance of soil respiration rate, soil volumetric water
content and soil temperature in samples collected at a
soil depth of 5 cm on diﬀerent measurement dates.
Regression analysis was used to determine the relation-
ships between soil respiration and soil temperature and
soil moisture. We used piecewise regression to model the
relationship between soil respiration and soil moisture.
Stepwise multiple regression analysis and collinearity
diagnostics were then used to determine the relation-
ships between soil respiration and each of the following
variables: soil temperature, soil moisture, ﬁne root bio-
mass, litter biomass, and canopy sizes. The statistical
analyses were performed in SPSS 16.0 for Windows
(SPSS Inc., Chicago, IL).
Results
Soil microclimate under diﬀerent canopy conditions
There were strong seasonal ﬂuctuations in soil temper-
ature and moisture during the transition from dry to wet
periods (Fig. 2a, b) (P < 0.0001, RMANOVA).
Regardless of the canopy cover of the diﬀerent tree
species, soil temperature was lower in the dry condition
than in the wet condition, while soil moisture increased
signiﬁcantly during the dry to wet transition (Fig. 2a, b)
(P < 0.0001, RMANOVA). Soil temperature in the IG
Fig. 2 Change patterns of soil
temperature (T5, a) and soil
volumetric water content (VWC)
(b) at a soil depth of 5 cm and soil
respiration (Rs, c) under diﬀerent
canopy conditions during the
investigation period. PS, PL P.
armandii with small canopy size
and large canopy size, respectively,
QS, QL Q. aliena with small
canopy size and large canopy size,
respectively Q. aliena with small
canopy sizes and large sizes
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was 10.4–18.6 % higher than that for the PS, PL, QS,
and QL in both the dry and wet soil conditions (Fig. 3a;
P < 0.05). In the dry condition, soil temperature under
the PS canopy was 0.21 C higher than that under the
PL canopy (Fig. 3a; P < 0.05), while in the wet condi-
tion, soil temperature was 0.28 C lower under the PS
canopy than under the PL canopy (Fig. 3a; P < 0.05).
Similar soil temperature patterns occurred under the
QS and QL canopies during the whole study period in
both dry and wet soil conditions (Fig. 3a; P > 0.05).
Overall, regardless of canopy size and soil water condi-
tion, a signiﬁcantly higher soil temperature was observed
under P. armandii trees than under Q. aliena trees
(Fig. 3a).
Soil VWC was consistently greater (23.6–82.4 %) in
the IG than that under the PS, PL, QS and QL canopies
for both dry and wet soil conditions (Fig. 3b; P < 0.05).
There were no statistical diﬀerences in soil VWC be-
tween canopy sizes for both Q. aliena and P. armandii in
the dry soil condition (Fig. 3b; P > 0.05). In the wet
soil condition, soil VWC was 11.3–20.8 % higher under
the QS canopy than under the QL canopy (P < 0.05).
In the dry soil condition, the mean soil VWC was
17–28 % lower under the small canopy-sized classes (PS
and QS) than that under large ones (PL and QL)
(Fig. 3b).
Relative changes in soil temperature were signiﬁ-
cantly lower under the PS canopy than under the PL
canopy during the dry–wet transition, while no signiﬁ-
cant diﬀerence occurred between QS and QL (Table 2).
Changes in soil moisture (VWC) under the small can-
opy-sized classes (PS, QS) were signiﬁcantly greater than
those under the large ones (PL, QL) (Table 2;
P < 0.05).
Variations in soil respiration under diﬀerent canopy
sizes and soil water contents
Soil respiration under diﬀerent canopy covers was
higher in the wet condition than in dry condition
(Fig. 2c). For P. armandii, soil respiration was
2.4–8.1 % higher under the PS canopy than under the
PL canopy, and diﬀerences in soil respiration between
canopy size classes were signiﬁcant in the dry soil con-
dition (Fig. 3c; P < 0.05), but not in wet condition
(Fig. 3c; P > 0.05). For Q. aliena, however, soil respi-
ration under the QS canopy was signiﬁcantly lower than
that under the large canopy (QL) in both the dry
(33.5 %) and wet soil conditions (35.8 %) (Fig. 3c;
P < 0.05). Soil respiration was signiﬁcantly higher in
the IG than under the QS canopy (P < 0.05) in the dry
Fig. 3 Mean values of soil temperature (a) and VWC (b) at a soil depth of 5 cm and soil respiration (c) for diﬀerent canopy covers in the
dry and wet conditions. Data are presented as the mean ± standard deviation (SD) (n = 4). Diﬀerent lowercase letters indicate signiﬁcant
diﬀerences at P < 0.05 among diﬀerent canopy covers (PS, PL, QS, QL, and IG)
Table 2 Relative changes (%)
in soil temperature, soil
volumetric water content, and
soil respiration under diﬀerent
canopy conditions during the
dry–wet transition
Canopy typesa Soil temperature Soil volumetric water content Soil respiration
PS 2.8 (0.34) a 482.9 (24.29) e 9.7 (1.34) a
PL 6.7 (0.55) b 340.6 (21.15) c 17.7 (3.61) b
QS 3.6 (0.72) a 415.5 (16.83) d 25.9 (4.12) c
QL 3.4 (0.83) a 226.0 (13.33) b 31.5 (6.94) c
IG 5.6 (1.19) b 32.4 (8.82) a 32.2 (5.27) c
Data are the mean of four sampled points, with the standard error given in parenthesis. Diﬀerent
lowercase letters indicate signiﬁcant diﬀerences (P < 0.05) among diﬀerent canopy covers (PS, PL,
QS, QL, and IG) for each parameter
aPS, PL, P. armandii with small canopy sizes and large sizes, respectively; QS, QL, Q. aliena with small
canopy sizes and large sizes, respectively; IG, inter-plant gap
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Fig. 4 Regression analysis of Rs to soil temperature (Ts) and to VWC in soil samples taken at a depth of 5 cm for P. armandii (a, b), Q.
aliena (c, d), and the IG (e, f)
Table 3 Summary of stepwise
multiple regression showing
factors that inﬂuence soil
respiration for diﬀerent tree
species
Variables entered Partial R2 Model R2 P value
Q. aliena
Soil moisture 0.614 0.614 0.065
Soil temperature 0.098 0.712 0.155
Canopy sizes 0.217 0.929 0.105
Litter biomass 0.040 0.969 0.263
P. armandii
Soil temperature 0.528 0.528 0.102
Root biomass 0.045 0.573 0.279
Total
Soil temperature 0.227 0.227 0.118
Soil moisturea 0.365 0.592 0.018
Canopy sizea 0.045 0.637 0.036
Litter biomassa 0.151 0.788 0.016
aFactors which together explained 65 % of variance in soil respiration
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condition (Fig. 3) and was 13.4, 13.8, and 32.0 % higher
in the IG than under the PS, PL, and QS canopies in the
wet condition (Fig. 3c, P < 0.05), respectively.
Larger increases in soil respiration occurred under the
large canopy cover (PL, QL) relative to under the small
ones (PS, QS) (Table 2), and the increase in soil respi-
ration was signiﬁcantly lower under the P. armandii
(9.7–17.7 %) canopy than under the Q. aliena canopy
(25.9–31.5 %) regardless of canopy size (Table 2;
P < 0.05).
Correlation of soil respiration with biotic and abiotic
factors in relation to canopy cover
Soil respiration rate was negatively correlated with soil
temperature under canopy cover regardless of tree spe-
cies and canopy size (Fig. 4a, c, e), with signiﬁcantly
higher correlations under the large canopy sizes (Fig. 4a,
c; PL P = 0.02; QL P = 0.02) than under the small
ones (Fig. 4a, c; PS P = 0.04; QS P = 0.06). In con-
trast, a marginally signiﬁcant correlation between soil
respiration and soil temperature occurred in the IG
(Fig. 4e; P = 0.08).
A positive correlation between soil moisture and soil
respiration occurred in the dry soil condition without
eﬀective rainfall, while a negative relationship occurred
when soil moisture exceeded the thresholds (17.6, 18.3,
18.2, 14.8, 31.5 % for PS, PL, QS, QL, and IG,
respectively (Fig. 4b, d, f).
Based on the multiple regression analysis (Table 3),
soil moisture and soil temperature accounted for 71.2 %
of the variation in soil respiration under the Q. aliena
canopy, while canopy sizes and litter biomass explained
only 25.7 % of the variation. Among the variables, soil
temperature had the closest relationship with soil respi-
ration (52.8 % of the variance) for P. armandii, and ﬁne
root biomass explained 4.5 % of the variation.
Regardless of tree species, soil temperature and soil
moisture accounted for 22.7 and 36.5 % of the variation
in soil respiration, respectively. For biotic factors, tree
canopy size and litter biomass explained 4.5 and 15.1 %,
respectively, of the variation in soil respiration (Ta-
ble 3). Considering the collinearity of variables, 31 % of
the variance in soil respiration was explained by canopy
size, while 65 % of variance was co-shared by one or
several factors of soil temperature, soil moisture, and
litter biomass.
Discussion
Canopy covers aﬀect soil respiration by regulating soil
microclimate
The diﬀerences we observed in soil respiration under the
canopies of diﬀerent sizes and of diﬀerent tree species
indicate that there was a large spatial heterogeneity in
soil respiration due primarily to variability of soil envi-
ronmental conditions modulated by the aboveground
canopy structure and plant distribution. Thus, our
ﬁndings support our ﬁrst hypothesis that soil respiration
will vary with canopy cover and that the eﬀects of can-
opy cover on soil respiration depend on tree species and
the seasonal dry–wet transition. Variations in soil tem-
perature and moisture induced by canopy cover play a
greater role in aﬀecting soil respiration than the eﬀects
of leaf litter and ﬁne root biomass (Table 3). Q. aliena
has a greater canopy width but smaller crown depth
than P. armandii (Table 1), and, therefore, a lower
canopy interception under the canopy of Q. aliena,
leading to a relatively higher soil water availability prone
to microbial metabolism (Xu et al. 2010) compared to
that under the P. armandii canopy.
As described by Shi et al. (2011), the slope of linear
regression between soil respiration and soil temperature
can be used to interpret the sensitivity of soil respiration
to temperature. We therefore assumed that soil respi-
ration beneath the large canopies is more sensitive to
temperature than that under the small ones for both
P. armandii and Q. aliena (Fig. 4). Previous studies
generally report a positive relationship between soil
Fig. 5 Fresh litter biomass and ﬁne root biomass at a depth of
0–20 cm beneath the canopies of the diﬀerent species and diﬀerent
canopy size classes. Data are presented at the mean ± SD (n = 4).
Diﬀerent lowercase letters indicate signiﬁcant diﬀerences
(P < 0.05) between diﬀerent canopy covers (PS, PL, QS, and QL)
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temperature and soil respiration. In our study, however,
negatively linear relationships between soil respiration
rate and soil temperature were found for both tree spe-
cies beneath the canopies and the IGs (Fig. 4). Similar
results were also reported by Xu and Wan (2008) and
Shi et al. (2011). Two factors may explain our results.
First, the measured soil temperature underwent only a
small variation during the dry–wet transition, showing
that soil moisture, relative to soil temperature, plays a
dominant role in regulating soil respiration during the
transition process. Secondly, high soil temperature is
generally accompanied by low soil moisture, and tem-
perature exerts a suppressive eﬀect on soil respiration
under soil water deﬁcit conditions (Wan and Luo 2003;
Inoue and Koizumi 2012).
The relationship between soil respiration and soil
moisture according to piecewise regression suggests a
signiﬁcant eﬀect of soil moisture on soil respiration,
especially under the large canopy size classes (Fig. 4).
This may partly explain why a higher soil respiration
occurred beneath large canopy covers. In our study,
increasing soil moisture during the transition from dry
to wet soil conditions was accompanied by increasing
soil respiration, which may be attributable to increased
microbial activity (Ryan and Law 2005; Carbone et al.
2011). However, the opposite change occurred with a
subsequent continuous increase in soil moisture in par-
allel with declining soil temperature (Sponseller 2007).
This observation is in accordance with results from
previous studies showing that soil water content is neg-
atively correlated with soil respiration at moderate to
high water content (Davidson et al. 1998; Sponseller
2007), probably due to an evolutionary adaptation of
soil microorganisms to a long-time mean meteorological
situation. Moreover, it has long been established that
rates of aerobic processes in soils increase with water
content up to the point at which microbial activity be-
comes limited by the diﬀusion of oxygen through water-
ﬁlled pore spaces (Miller and Johnson 1964). Some
studies have found that approximately 60 % of the
water-holding capacity was the threshold at which soil
CO2 production begins to decline with increased soil
water content (Shi et al. 2011). Our ﬁndings support the
notion that soil moisture availability is more important
than soil temperature in regulating soil respiration under
dry soil conditions (Thomey et al. 2011).
Canopy cover inﬂuences soil respiration by changing
leaf litter and ﬁne root biomass
Biotic factors such as ﬁne root biomass and stand
structure parameters have signiﬁcant eﬀects on the
spatial variation of soil respiration in the study area
(Luan et al. 2012). Litterfall is a key biological pathway
for element transfer from vegetation to soils, acting as a
major source of soil organic matter (SOM). The light
fraction of SOM is a direct substrate of microbial res-
piration and has been found to accumulate under the
canopy of Q. aliena (Luan et al. 2012), since the leaf
litter of broadleaved species is much easier to decompose
into soils than that of coniferous species (Kuiters and
Sarink 1986; Lin et al. 2004; Wu et al. 2009). Deciduous
trees have also been shown to have a faster decay rate of
litter than pine trees (Jandl et al. 2007; Wang et al. 2010),
and the rapid turnover of leaf litter could directly con-
tribute to increased soil carbon content (Cheng et al.
2003; Lin et al. 2004; Wu et al. 2009). For the large-sized
class of P. armandii, greater leaf litter biomass (Fig. 5) is
likely to allow less water inﬁltration due to forest ﬂoor
interception (Cheng et al. 2003), which may partly ex-
plain the diﬀerences in soil respiration between the PS
and PL canopies. With respect to broadleaved trees of
Q. aliena, however, a greater leaf litter (Fig. 5) could
directly contribute to increased soil carbon content due
to its rapid carbon decomposition and turnover rate
(Cheng et al. 2003; Lin et al. 2004; Wu et al. 2009). Thus,
higher soil respiration under the QL canopy is likely
caused by greater substrate availability resulting from
inputs of root production and leaf litter (Raich and
Tufekciogul 2000; Tomotsune et al. 2013).
Multi-regression analysis revealed that litter biomass
had larger eﬀects on soil respiration than ﬁne root bio-
mass. Thus, the contribution of stimulated heterotrophic
respiration to the total soil respiration was likely a rea-
son for the higher soil respiration under the Q. aliena
canopy. In addition, increased soil respiration in the wet
condition may also be primarily due to stimulated
microbial respiration; for example, Huxman et al. (2004)
found that the response of heterotrophic respiration may
be more quick and sensitive to biophysical environments
during the transition from the dry to wet condition.
Coniferous species with shallow roots tend to accumu-
late SOM in the forest ﬂoor, but less in the mineral soil,
compared with deciduous trees (Jandl et al. 2007).
Therefore, we assumed that the eﬀect of ﬁne root bio-
mass and corresponding processes on soil respiration
may be greater under the P. armandii canopy than under
the Q. aliena canopy (Fig. 5).
Stimulated soil respiration during the soil dry–wet
transition
Soil respiration under diﬀerent soil water conditions has
been widely studied in a variety of ecosystems (Holt
et al. 1990; Fang et al. 1998; Dong et al. 2002; Ha-
shimoto et al. 2004; Lee et al. 2009). Many studies have
shown that soil respiration increases with increasing soil
moisture (Sponseller 2007; Munson et al. 2010; Shi et al.
2011; Thomey et al. 2011). In addition, some studies
have also reported a signiﬁcant decline of soil respiration
after rainfall (Ball et al. 1999).
In our study, we found an elevated soil respiration
during the transition from dry to wet conditions; for
example, higher increases in soil respirations were found
under large canopy covers for both Q. aliena and P.
armandii, possibly attributable to a rapid upregulation
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of soil microbe activity and physical displacement of
CO2 from soil pores following shallow soil wetting
(Potts et al. 2006a; Sponseller 2007; Thomey et al. 2011).
Pore space in soil and litter can store an amount of CO2
roughly equal to 1 day’s production; therefore, emptying
or ﬁlling the pore space may enhance or diminish the
measured ﬂux relative to biological production (Ryan
and Law 2005). In addition, changes in soil respiration
in the wet condition were greater in the IG than beneath
canopy covers (Table 2), due partly to the stimulation of
soil microbe activities (Chen et al. 2008) resulting from
higher soil water availability in the IG (Fig. 2). How-
ever, Potts et al. (2008) recently reported that open areas
in forests tended to have consistently smaller soil respi-
ration than the sub-canopy (beneath the canopy), par-
ticularly after the monsoon period. Diﬀerences in soil
types, the quality and quantity of litter, and the type of
climate may (partly) explain these inconsistent results
(Jandl et al. 2007).
Temporarily stimulated soil respiration during the
dry–wet transition is a small relative to the annual car-
bon loss, but it may play an important role in aﬀecting
ecosystem carbon balance because there is a high
occurrence frequency of short-term dry–wet cycles in the
study region. Based on local meteorological observa-
tions from 2003 to 2010, rainfall events of <5 mm ac-
counted for approximately 60 % of the total
precipitation events, which is considered to be the lowest
threshold for plant response to soil water availability
(Reynolds et al. 2004). Based on this threshold, about
60 % of the precipitation events are too small to induce
plant responses, but they are suﬃcient to elicit microbe-
based CO2 losses. This means that a greater soil CO2
emission could be induced as the frequent dry–
wet alternation can produce larger accumulating eﬀects
through each relatively small magnitude of increased
CO2 emission (9.7–32.2 %) and, therefore, the forest
ecosystem under dry–wet cycles might act as net sources
of CO2 to the atmosphere (Sponseller 2007).
Conclusions
In our study canopy cover had direct and indirect eﬀects
on soil respiration under the tree canopy by changing
soil biotic and abiotic conditions. Variations in soil
respiration under canopy covers depended on tree spe-
cies and seasonal soil water availability, and soil
microclimate had larger eﬀects on soil respiration than a
number of biotic factors indirectly regulated by canopy
cover. Our ﬁndings suggest that characteristics of the
canopy morphology (e.g., canopy width, canopy depth,
size class, leaf shape) of tree species play an important
role in regulating soil respiration by directly and indi-
rectly altering soil environmental factors. An increased
number of frequent soil dry–wet transition cycles could
stimulate soil respiration and greatly aﬀect ecosystem
carbon balance. Therefore, spatial variations in soil
respiration induced by canopy structure and soil water
condition need to be taken account in assessments of the
forest carbon budget.
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